In the hot strip mill, the slab is brought to temperature in the reheating furnace and discharged for rolling. To break the primary scale, the slab is passed through a slab descaler before the reversing roughing mill. A secondary oxide scale is inevitably formed between successive rolling passes during hot rolling, which is further removed by high pressure water jets before the subsequent passes during reversing rolling or before the strip enters the tandem finishing mill. Whether the oxide scale is deformed or fractures, it will inevitably affect the interaction between tool and workpiece for several reasons: the thermal conductivity of the oxide scale is significantly less than that of the steel 1)
In the hot strip mill, the slab is brought to temperature in the reheating furnace and discharged for rolling. To break the primary scale, the slab is passed through a slab descaler before the reversing roughing mill. A secondary oxide scale is inevitably formed between successive rolling passes during hot rolling, which is further removed by high pressure water jets before the subsequent passes during reversing rolling or before the strip enters the tandem finishing mill. Whether the oxide scale is deformed or fractures, it will inevitably affect the interaction between tool and workpiece for several reasons: the thermal conductivity of the oxide scale is significantly less than that of the steel 1) ; fractured scale can enable direct contact of hot metal with the cold tool 2, 3) ; because of the possibility of sliding of the fractured scale raft due to weakness of the scale/metal interface at high temperatures 4) ; and because the location of the plane of sliding is determined by the cohesive strength at the different interfaces within the multilayer oxide/metal system and by the stress distribution when delamination within the scale takes place. 5) The oxide scale on the surface of the hot metal is important for the control of friction and heat transfer when in contact with the roll, as well as influencing the rate of heat loss between rolling deformations under air or water sprays. During multi-pass hot rolling of long products, the magnitude of the coefficient of friction within the roll bite is variable due to the complex pressure-slip variations. A new Coulomb-Norton type friction model for long products and bar sections has been developed recently at Swinden Technology Centre (Corus RD&T UK). 6) Among other assumptions, the model takes into consideration some complex interactions at the stock-roll interface due to the presence of secondary oxide scale, as mentioned above. Hence, the different modes of scale failure, such as the through-thickness cracking and the sliding mode, depending on the temperature and steel composition, have been implemented into the mathematical model. The friction force occurs either between the roll surface and oxide scale or between the roll surface, the oxide scale fragments and eventually fresh steel extruded through the scale gaps depending on the relative magnitude of the shear stresses inside the scale layer and at the oxide scale/stock interface. An additional point of consideration is the demand for increasingly small final thicknesses of the hot rolled steel strip, approximately 1.2 mm during conventional rolling and 0.8-1.0 mm for ultra-thin hot rolled strips produced on mini-mills using endless rolling technology. 7) The scale related imperfections formed on upper and lower surfaces of the thin strip affect deformation of subsurface layers of the material during rolling which become relatively more pronounced during rolling of the very thin strips.
Perhaps of greater and growing importance is the role played by the oxide scale in determining the quality of the surface of the hot rolled product, particularly for flat strip. Unfortunately, it is difficult to make direct observations of oxide scale behaviour under industrial hot working conditions, and not much easier in the laboratory. Irregularly removed scale defects are often formed on hot rolled steel strips, causing an inhomogeneous and dirty appearance. Several technological approaches have been proposed to prevent these defects, such as control of slab temperature or strengthening of water jet descaling. 8, 9) However, despite these measures, the reason why a conventional descaler cannot always remove the scale before rolling is not clear. As has been shown by the authors, the crack patterns formed in deformed scale after a hot rolling pass to a great extent influence the effectiveness of subsequent descaling operations, either mechanical or hydraulic, and at the same time, the formed patterns themselves depend on the process parameters such as temperature, scale thickness and reduction. 10, 11) In particular, the scales grown on low carbon steels at high temperatures cannot be assumed both to be perfectly adhering during hot rolling and to be fully brittle.
The chemical composition of the steel can significantly affect the state of the scale in both reheat environments and after the deformation. It is known that small additions of elements with a high affinity for oxygen, such as Ce, Y, Hf and Si, can be very effective in promoting the formation of an adherent oxide layer that is more resistant to attempts to remove it. The active element can have an influence in elemental form or as an oxide dispersoid. There are various theories that have been proposed to account for an effect of active elements; among of them are enhanced scale plasticity, modification to the process of oxide growth, stronger chemical bonding at the interface, and oxide protrusions into the metal base which can improve adhesion. 12, 13) It has been proposed that the active element blocks sites, such as interfacial dislocations, support diffusion growth at the scale-metal interface and thereby alter both the growth mechanism and the adhesion of the scale. 14) Other authors believe that segregation of sulphur to the scale-metal interface reduces the adhesion of the scale, and that the effect of the element is to scavenge the sulphur present in the alloy and hence improve the intrinsically strong adherence. 15) It is difficult to give a satisfactory explanation to all reported experimental observations purely on the basis of the available theoretical considerations at this stage of understanding the 'solid oxide scale/solid underlying metal' system. This work reviews mainly the recent research for oxide scale behaviour under hot rolling conditions starting, nevertheless, from already classical observations of high temperature oxidation of steels such as take place in components for high-temperature service where oxide scales provide a protective effect. The work also describes an approach applied by the authors for numerical characterisation of oxide scale behaviour based on a combination of closely linked experiments under appropriate operating conditions and computer based modelling presenting the surface scale evolution during hot rolling of steel in the sequence of rolling and finishing with descaling. The modelling has been extended to provide the basis for detailed investigation of roll/stock interface behaviour during multi-pass hot rolling operations. The paper concludes with some recent developments highlighting issues for future work related to understanding of solid oxide/underlying solid metal adhesion at high temperatures, its role in scale failure during hot rolling, and also considering aspects of integration of oxide scale control with microstructure of the underlying metal by optimal cooling ahead of entry into the roll gap.
High Temperature Oxidation of Steel
According to the Fe-O phase diagram the following three kinds of oxides exist at temperatures higher than 570°C: wüstite (FeO), magnetite (Fe 3 O 4 ) and haematite (Fe 2 O 3 ). 16) However, the diagram only represents equilibrium conditions while, in hot working, conditions can be affected by kinetics. Iron oxidation consists mainly of the outward diffusion of iron ions and the inward diffusion of oxygen. 17) It has been shown that the formation of wüstite and magnetite is mainly controlled by the outward diffusion, while haematite is formed mainly due to the inward diffusion of oxygen. 18) Normally, the following three types of rate are observed in high temperature oxidation: parabolic, linear and intermediate. 19, 20) Oxidation obeys a parabolic rate law when the rate controlling step is diffusion within the oxide. If the rate controlling step is either the metal surface or the phase boundary interface reaction, then the oxidation is described by a linear law. The logarithmic or exponential rate can represent the initial stages of oxidation or low temperatures rates. The presence of alloying elements in steel also significantly modifies the full range of oxides that might be possible at a particular temperature. Carbon, for instance, can facilitate or hinder the transport of diffusing ions, thereby increasing or decreasing the oxidation. 21, 22) Carbon diffuses to the scale/metal interface and reacts with iron oxide, evolving CO gas and creating gaps. In high carbon steels at high temperatures, through-thickness cracks can occur due to gas pressure in the gaps allowing access to the core for the gas atmosphere and, hence, increasing the oxidation rate. If there are no cracks formed in the scale, the stabilized gaps can hinder the outward diffusion of iron ions and decrease the oxidation rate.
As has been summarised in a review on high temperature oxidation, the main effect of alloying elements less noble than iron on the oxidation, such as aluminium, silicon and chromium, is the formation of a protective layer at the scale/metal interface enriched in alloying elements. 23) For such steels, initially the oxidation kinetics are parabolic and then deviate from the parabolic law as the protective layer, rich in alloying elements, becomes established. However, aluminium, as an alloying element, can increase the temperature of wüstite formation and thus can contribute towards oxidation resistance. 24) Among the three elements, silicon acts as the most protective element, chromium the least. Nickel and copper are more noble elements than iron and should be rejected at the scale-base metal interface. In addition, the iron matrix of such alloys is selectively oxidized. 25) However, nickel, for instance, does not diffuse rapidly into the core since the diffusion coefficient of nickel in iron is low. Instead, its concentration at the interface becomes higher than in the bulk of the metal. For example, Fe-Ni alloy containing only 1.0 wt% Ni and oxidized in oxygen at 1 000°C exhibited significant nickel enrichment at the surface, about 70 wt%. 26) The selective oxidation of iron and concentration of nickel in the thin layer results in interpenetration of the oxide scale and metal that produces an additional mechanical oxide-metal bond which increases the oxidation resistance. If the diffusion coefficient of the alloying element is higher than the oxidation rate, the concentration of the element increases, mainly within the bulk rather than at the surface of the metal. However, some of these elements, for instance copper in the iron alloy containing 2 wt% Cu, can concentrate at the surface promoting formation of the interlocked scales similar to those formed on nickel alloys. 27) Manganese can substitute for iron in wüstite and magnetite.
28) It has also been observed that manganese together with silicon can combine with iron oxide to develop formations of iron-manganese-silicate in the oxide scale of the silicon killed steels. 29) The high temperature oxidation of steel has been studied extensively mainly for the cases of room and elevated temperatures such as take place in components for high-temperature service where oxide scales provide protection. 30) In contrast, the microstructure of oxides has not been well described. The results of an application of electron back scattered diffraction (EBSD) to the detailed investigation of microstructure and microtexture of oxide scale formed on pure iron, low carbon and Si steel have been reported recently. 31, 32) Based on the Kikuchi diffraction patterns, image quality (IQ) maps coupled with orientation imaging maps (OIM) were analysed to describe both orientation and shape of grains forming wüstite, magnetite and haematite layers. Despite different texture and grain size of the substrate, wüstite exhibited a columnar cell structure with a texture towards scale growth direction normal to the sample surface for all specimens. Magnetite was identified as a cubic cell type microstructure having a ͗001͘//GD texture (GD stands for the growth direction of oxide normal to the sample surface) while hematite formed as a very thin wedge shape layer on the top of the oxide scale. At the interface between wüstite and pure iron, small granular type grains of wüstite are observed (Fig. 1). 32) It can be assumed that these wüstite grains are formed in the initial stage of the high temperature oxidation. No crystallographic relationship between substrate texture and iron oxide texture was established in this research. It seems the microstructure of scale layers depends mainly on the content of alloying elements rather than microstructure of the substrate. For example, silicon has a strong effect on the microstructure of the oxide scale layer in high temperature oxidation. It allows the formation of the mixture of wüstite and fayalite (Fe 2 SiO 4 ) on the substrate surface covered by the relatively thick haematite layer having a bamboo type microstructure during oxidation of 2 wt% Si steel at 950°C. The same oxidation of steels containing 0.4 and 0.98 wt% of Si allowed rather for formation of magnetite, wüstite and the composite of wüstite and SiO 2 .
Making Measurements of Oxide Scale Behaviour under Hot Working Conditions
Making observations of oxide scale behaviour under industrial conditions is extremely difficult and is not much easier in the laboratory. Standard methods of measurement on their own are not feasible or adequate for this purpose. A single experiment has not been found that is capable of representing the full range of phenomena. Instead, a range of techniques, each providing a partial insight, has been developed by different authors.
Laboratory Rolling Experiments
It has been shown during laboratory hot rolling tests of low carbon steel slabs that different thicknesses and structures of the oxide scales resulted in significantly different states of the oxidised slab surface after the deformation, ranging from continuous oxide scale layer adhering to the metal surface to severely cracked scales with signs of metal extrusion through the gaps in the scale under the roll pressure. 33 ) Different thicknesses and structures of the oxide scales resulted in different crack width, crack spacing and extent of fresh steel flow through the gaps during hot rolling, as a function of temperature and rolling reduction. The direct measurement of scale temperature within secondary oxide scale proved to be difficult because of the significant temperature gradient across the scale thickness during conventional hot rolling tests. In hot 'sandwich' rolling, two slabs welded together at the leading edge are angled apart during furnace reheating with cracked natural gas protection to allow formation of a thin oxide scale on the surfaces. After reheating, the slabs are closed together with the two scale layers trapped between the slabs, which can then be rolled at different temperatures and reductions. 34) The temperature gradient across the oxide scale between the slabs is negligible during hot rolling and the temperature history can be reliably measured by means of an inserted thermocouple. It makes the 'sandwich' rolling test different from the conventional one, where the surface oxide scale is undergoing severe chilling by the roll. As can be seen in Fig. 2 , the scale behaviour during hot 'sandwich' rolling of plain carbon steel is strongly sensitive to rolling temperature and reduction. Two extreme cases were observed during the rolling tests: when the scale exhibited no cracking and when scale cracks, orientated transverse to the rolling direction, appeared after the rolling pass. It was concluded that during conventional hot rolling with low rolling speed, which is more typical for laboratory rolling conditions and industrial plate rolling, the scale chilling during the rolling pass is significant and the scale temperature can easily fall below the critical level for scale cracking, even though the bulk temperature of the slab is above that level.
The contact time with the rolls for industrial hot strip rolling is much shorter, as the rolling speed is significantly higher, and the oxide scale can remain at high temperatures during the rolling pass, exhibiting no cracks after rolling. In attempting to reduce the concomitant thermal effects and to simulate the behaviour of oxide scale during rolling at low temperatures when the low carbon steel scales exhibit significantly brittle behaviour, a brittle lacquer has been applied on the surface of lead slabs, which have been rolled at room temperatures.
35) The lacquer mimics a brittle oxide scale on a hot working metal (lead is hot worked at room temperature) without temperature gradients. For the relatively thick scales (about 100 mm) and for similar rolling reductions the crack patterns of the oxide scales and the lacquers were similar. In the central area of the slab surface, the cracks produced were narrow, with no visible full extrusion of fresh metal into the gaps. In contrast, near the edge of the slab the cracked pieces were much larger and curved, and the major cracks were filled with extruded metal. The similar crack and lacquer patterns suggest that the wide cracks observed at the edges of the slab arise mainly because spread and cracking in the edge areas before entry into the roll gap, while the effect of temperature gradient across the slab width is secondary.
Furthermore, by interrupting the rolling part way through the length of the specimen and neglecting the effects of decelerating the rolling as one does so, it is possible to observe the evolution of the scale as it passes through the roll gap (Fig. 3) . 10) Such stalled hot rolling tests have been conducted with the aim of verifying the main points of the scale behaviour predicted using numerical analysis based on finite element (FE) modelling, described below.
Tensile Testing
As the slab enters the roll gap, it is drawn in by frictional contact with the roll, which is moving faster than the stock at that point. This inevitably produces a longitudinal tensile stress in the stock surface ahead of contact with the roll. It is this tensile stress that can lead to fracture of the scale prior to roll contact, and therefore the uniaxial tensile test can provide much valuable information on the behaviour of oxide scale that is relevant to hot rolling conditions. Tensile tests have been carried out under controlled atmosphere conditions, with oxidation allowed only at elevated temper- ature, followed by tensile deformation either at that temperature or a different one, under displacement control. 4, 5) These tests revealed two types of accommodation by the oxide scale of the deformation of the underlying steel substrate (Fig. 4) . At lower temperatures, the oxide scale fractured, usually in a brittle manner, with the through-thickness cracks triggering spallation of the oxide scale from the steel surface. At higher temperatures, the oxide scale did not fracture, rather it slid over the steel surface, eventually producing delamination of the scale. By assuming the transition temperature range, when the separation load within the scale fragments is less than the separation load at the oxide/metal interface at low temperature and exceeded by it at high temperature, it is possible to model transfer from one oxide scale failure mechanism to another. The temperature of transition between these two types of failure was sharp and very sensitive to steel chemical composition. It has been demonstrated experimentally and modelled numerically that small differences in chemical content, mainly of Si (0.18 wt% for steel 1 and 0.36 wt% for steel 2) and Mn (0.79 wt% for steel 1 and 1.33 wt% for steel 2), for the mild steel containing 0.02-0.07 wt% Ni and 0.08-0.14 wt% Cu, can be the reason for the different modes of scale failure in tension. 36, 37) To satisfy the differences between the states of the oxide scale after tension it was assumed that the transition temperature for the second steel grade is about 100 K higher than that for the steel 2, and that the separation loads both within the oxide scale and for the oxide/metal interface exceed the corresponding loads for the first steel. As has been mentioned earlier, the alloying elements have different influences on the oxidation rate in reheat environments. However, the effect of steel chemistry on the growth of the scale is more pronounced for the longer times of oxidation typical for reheating processes, but not for the secondary oxide scale growing during short time after the first descaling between subsequent rolling passes. Thus, the differences in chemical content for these two low carbon steels did not produce significant differences in oxide scale growth for the chosen time intervals.
The mode of failure for Mn-Mo (0.34 wt% C, 0.23 wt% Si, 1.28 wt% Mn, 0.039 wt% S, 0.022 wt% P, 0.17 wt% Cr, 0.12 wt% Ni, 0.17 wt% Cu and 0.24 wt% Mo) and Si-Mn (0.57 wt% C, 1.90 wt% Si, 0.79 wt% Mn, 0.008 wt% S, 0.01 wt% P, 0.18 wt% Cr, 0.08 wt% Ni, 0.16 wt% Cu and less than 0.02 wt% Mo) steel oxide scales was confined only to through-thickness cracks in tension within the hot rolling temperature range from 783 to 1 200°C. This favours the assumption that the presence of alloying elements such as manganese, molybdenum and silicon results in strengthening of the oxide/metal interface at high temperatures compared with mild steel. A stainless steel, containing 0.025 wt% C, 0.47 wt% Si, 1.44 wt% Mn, 0.034 wt% S, 0.031 wt% P, 18.4 wt% Cr, 9.2 wt% Ni, 0.26 wt% Cu and 0.47 wt% Mo, had also shown only through-thickness mode of failure. For this steel, the oxide formed at 1 074°C for 800 s was less than 10 mm thick and the through-thickness cracks presented within the scale after the test were only visible under scanning electron microscopy. 37) There is a high probability that sliding of the oxide scale during tension would be observed for any of the steel grades at higher temperatures, outside the tested range. It is clear that the observed differences in deformation behaviour are much larger than would be expected from differences in oxidation. The chemical content of the underlying steel influences the fracture energy of the scale and its adherence to the metal surface, and both are reflected in the observed differences in scale failure. This raises important issues where further research work is needed. The direct measurement of the scale-metal separation loads coupled with physically based modelling would allow the observed effects to be more predictable.
A modification to the simple tensile test was developed in an effort to measure directly the loads involved in these two types of failure. 38) A hollow tensile sample was deliberately split in two, with a central ceramic dowel providing alignment with the two halves pressed together during oxidation. Upon deformation, the two steel halves came apart readily, the fracture or sliding of the oxide scale then being measured by the load cell. To separate the oxide scale effect from any background resulting from bonding and friction, unoxidised split-sample measurements were subtracted to provide a good measure of the fracture and sliding forces, which were in the range 0.15-1 kN. Figure 5 schematically illustrates the different separation loads measured during different modes of oxide failure under the testing procedure. For the first mode, failure occurs with through scale thickness cracking. In this case, the separation loads within the oxide scale are registered. For the second one, the tangential separation loads at the scale-metal interface are registered while the oxide scale is sliding along the scale-metal interface. The level of load causing failure of steel oxide scale for both modes of failure is illustrated in Fig. 6 . The measured loads have been recalculated in terms of strain energy release rate to be introduced in the oxide scale model.
Hot Four-point Bend Testing
It has been shown that the four-point bend testing can be coupled with inverse calculations for determination of mechanical properties of the oxide scale at the temperature range relevant to hot rolling conditions. 39) In this testing, a measuring pin was connected to a displacement transducer measuring the deflection at the centre of the specimen. Only the bottom surface of the sample, which was in tension during bending, was oxidised. The device allowed oxidation for a given time at a prescribed temperature in a controlled atmosphere simulating the thermo-chemical history of the strip in a rolling mill. As in the case of split tensile testing, in the hot four-point bend testing two different measurements are performed for each temperature. The first measurement is for a non-oxidised sample followed by a second one on an oxidised specimen under the same conditions, the former serving as a reference from which the difference brought by the oxide scale is determined. The same two types of steel scale failure in tension have been observed in these tests, in qualitative agreement with those observed earlier during tensile testing. At temperatures below 700°C, the scale was weaker than the interface, which resulted in through-thickness crack formation followed by spallation of the scale fragments due to cracking along the scale-metal interface. At temperatures above 750°C, the scale layer was tougher, allowing the crack to propagate along the scale-metal interface, leading to spalling of large pieces of oxide. The merit of this approach was that it demonstrated the feasibility of determining oxide scale mechanical properties at conditions relevant to hot rolling.
Hot Tension-Compression Testing
It has been mentioned that an open gap in the oxide scale may enable the steel underneath to extrude up under the roll contact pressure. Once such hot steel makes direct contact with the roll, the local friction and heat transfer conditions can be expected to change dramatically. A hot tension/compression testing technique has been developed to make direct observations of such extrusion under controlled laboratory conditions. 40) A tensile sample with a rectangular cross-section is used to produce a flat specimen with though-thickness cracks in the surface scale in the same way as during hot tensile testing of cylindrical specimens. The central section is then cut and compressed between tool steel anvils to observe extrusion up through the open crack. This technique was developed further to investigate the behaviour of a range of crack openings, Fig. 7 . The unexpected discovery was made during this testing that narrow cracks could close under this compressive deformation depending on the temperature, the scale thickness, the strain rate and the initial crack width. 41) The experiments, conducted with scales with a range of thicknesses, were con- firmed using the FE method. Figure 8 shows the effect of scale thickness on this behaviour. An important surface quality defect stems from pick-up by the roll of oxide scale from the steel surface, usually in small patches which then come back around on the roll surface and indent into the following metal.
42) The roll pick-up effect is also connected with deformation and failure of the oxide scale during the rolling pass. The fragmentized scale can be partly spalled from the stock surface, inevitably reducing the scale/steel separation force. For these reasons the effect should be considered together with the hot rolling and modelled assuming scale failure during hot rolling. A compression test has been developed recently where one half ('tool') represents the roll material and the other half ('sample') is made from the stock material. The oxide from the sample can be picked up by the tool after oxidation in controlled atmosphere at the desired temperature and compression conditions (Fig. 9) . 43) The sticking phenomenon was observed during testing at 870°C with the thickness of the oxide scale about 50 mm. Figures 9(b) , (c) illustrate an oxide scale partly separated from the stock imitation specimen after the test. At 970°C, the whole oxide scale adhered to the tool during the contact and pulled away, exhibiting the high sensitivity of the observed effect to temperature.
Finite Element Modelling of Oxide Scale Behaviour
The oxide scale model is usually a micro-part of a more complex macro-FE model. Corresponding linking of modelling scales is a necessary stage for prediction of scale behaviour during modelling of both mechanical testing and technological operations. When quality of surface finish is the subject of the numerical analysis or fine mechanisms of formation within a few microns thick surface layer during the rolling of stainless steel is under consideration, the oxide scale model has the capacity to include very fine features such as multi-layer scale, voids or a complicated profile of the scale/metal interface. To link 'macro-' and 'micro-' scales of modelling, the model is reduced to a small segment at the stock-roll interface. The boundary conditions for the small segment are taken from the macromodel. The FE mesh near the interface is then refined as required; the origin of coordinates is changed by tying it to one of the segment nodes and, finally, the oxide scale fragments are introduced on to the metal surface. This procedure allows for consideration of the fine morphological features of the scale and the scale/metal interface while, at the same time, reducing the number of elements under consideration (Fig. 10) . 44) The approach also enables a thin film to be introduced on the roll surface, which can also be defined as oxide scale on the roll surface.
Fracture, Ductile Behaviour and Sliding
The oxide scale is simulated as comprising numerous scale fragments joined together to form a scale layer 10-100 mm thick, covering the raft length of about 20-50 mm. The length of each oxide scale fragment is chosen to be less than the smallest spacing of cracks observed in the experiments, enabling prediction of representative crack spacing and distribution of cracks along the length of the raft due to both longitudinal tension and contact with the roll (Fig. 11) . Oxide scale failure is predicted by taking into account the main physical phenomena such as stressdirected diffusion, fracture and adhesion of the oxide scale, strain, strain rate and temperature. The main mathematical assumptions of the model related to oxide scale and implemented properties of materials have been described elsewhere. 10, 36, 37, 45, 46) The finite element model is rigorously thermo-mechanically coupled and all the mechanical and thermal properties were included as functions of temperature. The radiative cooling of heated surfaces was simulated by prescribing the energy balance for the boundary surface. The scale and metal surface were assumed to be adhering when they were within a contact tolerance distance. The most critical parameters for scale failure have been measured during both tensile and modified hot tensile testing (see above) and depend on the morphology of the particular oxide scale, scale growth temperature and, very sensitively, the chemical composition of the underlying steel. 38) The macro-parts of the FE model that compute the temperature, strain, strain rate and stress in the tensile specimen during testing have been adjusted according to the configuration of the tensile test. The micro-part of the FE model related to the oxide scale on the gauge section of the specimen and was validated during the procedure (Fig. 12) . Matching the predicted and measured loads allows the strain energy release rate to be determined, which is a critical parameter for prediction of crack propagation within the scale or along the scale/metal interface (Fig. 13) . Steel oxides show both brittle failure at temperatures below about 800°C and signs of ductile fracture at higher temperatures. For the former, the critical strain for failure is implemented into the model, while the J-integral is used as a parameter corresponding to the strain energy release rate for consideration of ductile scale failure. Determination of the crack length is based on increment number and deactivation of the separation forces based on the crack length and J-integral value. It has been assumed that no-singularity modelling near the crack tip is applicable, with a quarter-point node technique and only one contour for the J-integral specified for each interface. In the virtual crack extension method only derivatives of elements of the inverse Jacobian This method, comprehensively described elsewhere, 47) appeared to be easier to apply for simulation of crack propagation along the interfaces. The MSC/MARC 2000 commercial finite element code was used to simulate metal/scale flow, heat transfer, viscous sliding and failure of the oxide scale during hot rolling, assuming the plane strain condition. The release of nodes was organized using userdefined subroutines in such way that the crack length is determined based on the increment number then, according to crack length, the boundary conditions are deactivated by calling a routine for a specific node number.
Scale Evolution during Hot Rolling, Multilayer
Scales The evolution of the steel's secondary oxide scale during hot rolling starts already at entry into the roll gap. The scale is then subjected to further significant changes both within the roll gap under the roll pressure and at the exit zone, followed by its failure during hydraulic and mechanical descaling operations. Some of these phenomena have been discussed elsewhere 10, 11, 37) and are briefly summarized in the next following sections.
Longitudinal tensile deformation ahead of entry into the roll gap, coupled with bending at the moment of gripping with the roll, induce cracking in the oxide scale at this entry zone. The initial stock temperature can be considered to be a crucial factor for oxide scale failure. When the initial stock temperature is in the low temperature range of brittle oxide and strong oxide/metal interface, a longitudinal tensile strain in the stock surface ahead of contact with the roll can result in through-thickness crack formation ( Fig.  14(a) ). At higher temperatures, interface sliding can have a significant role in relaxation of stresses within the scale, coupled with the lower level of longitudinal stresses at the stock surface layer for the higher temperature. As a result, through-thickness cracks at entry into the roll gap might have not occurred, so the scale would come into the roll gap without pre-formed cracks (Fig. 14(b) ). There is a lower limit of the oxide scale thickness, for a particular steel grade and rolling parameters, beneath which the scale comes into the roll gap without through-thickness cracks. The longitudinal tensile stress at entry into the roll gap can favour through-thickness cracks in the scale when the initial rolling temperature is low and the oxide scale thickness exceeds its lower limit. The breaking up of the scale at the moment of the roll gripping contributes to the scale failure for this temperature range (Fig. 15) .
The observations using scanning electron microscopy (SEM), back-scattered electron imaging (BEI) and electron back-scattered diffraction (EBSD) allow for configuration of the FE model to reflect precisely the characteristic morphological features, such as different oxide sub-layers, voids, roughness of the interfaces, the proportion of each layer at different temperatures, oxidation times and steel composition. 11, 44) Figures 16(a) and 16(b) show some of the complexity of oxide scale on the surface of carbon steel, which may comprise two or three oxide types, be porous, have large scale voids, and have a crystal size that is of the same order as the scale thickness. Not surprisingly, it is often insufficient to treat such a material as a homogeneous, isotropic layer. Figure 16 (c) shows a FE mesh that has been developed to mimic some of this complexity. One aspect of this microstructure, when dealing with the oxide scale ahead of roll contact, is the presence of different layers within the oxide scale. Figures 17(a) and 17(b) show that the gripping by the roll may well encourage delamination of the oxide scale together with an opening up of a throughthickness crack, starting at the outer surface of the scale.
11)
Since the inner layer of the oxide scale will be significantly hotter, some cracks may continue to deform in a ductile manner under the roll pressure and arrest before reaching the steel surface (Fig. 17(c) ). 48) This cracking starts at the uppermost oxide scale layer, which is the closest to the cold surface of the roll, and propagates inwards to the relatively hot surface of the stock. The temperature distribution shows a significant temperature gradient at the oxide scale that changes the conditions for crack propagation through the scale. The cracks did not occur in a through-thickness manner as during tensile testing when the scale temperature was both within the low temperature range and mostly uniform across the scale thickness. The crack propagation within the roll gap developed under the considerable roll pressure and it was stopped at the thin oxide layer situated near the stock surface. This scale layer, corresponding to porous FeOϩFe 2 SiO 4 , keeps its continuity and adheres to the stock metal surface while the upper brittle layers, corresponding to Fe 2 O 3 , Fe 3 O 4 and dense FeO, are cracked through their thickness.
Multi-pass Behaviour
The advanced physically based FE model of the rollstock interface developed during the earlier stages of the research for a single rolling pass has been extended to provide the basis for detailed numerical investigations of the roll/stock interface behaviour during multi-pass hot rolling operations. 49) The research encompassed the following consecutive stages: modelling of the combined hot compression-tension test followed by multi-pass hot rolling modelling of the steel strip having the same thickness. Longitudinal tension was added as a technological parameter that is relevant to coupled tandem rolling. Initially, the single scale fragments were introduced on both top and bottom surfaces of the thin strip. This was followed by introduction of a continuous oxide layer on both strip surfaces (Fig. 18) . The possibility of a co-operative relationship between the formation of oxide scale related defects at the upper and lower faces and formation of shear zones within the steel strip has been demonstrated numerically for such thin strips. It has been shown that the through-thickness shear zones within the material can link between the scale related defects on both the upper and lower strip surfaces. The observed effect is more pronounced for thin or ultra-thin hot rolled strips, such as 0.8-1.0 mm in thickness, with relatively thick oxide scales (a situation that one would try to avoid in industrial practice). The modelling results exhibited that the oxide scale after the first rolling pass enters the second rolling pass having been deformed, fragmentised and partly spalled from the metal surface. These effects are progressively increased during the second rolling pass. It was also observed that formation of the scale related shear zones within the strip volume takes place mainly during the second rolling pass ( Fig. 18(d) ). The distorted elements were determined as elements having internal angles that deviated from 90°b y more then 15°. The scale related shear zones remain within the strip volume after spallation of the scale fragments. A single scale fragment remaining on the strip surface after the first rolling pass can influence formation of the shear zones during consecutive rolling passes. Longitudinal tension contributes to the formation of the observed shear zones. More work, particularly experimental, should be done to characterize the scale related effect of shear zone formation that has been demonstrated numerically. It is important because there are experimental prerequisites that shear deformation can lead to formation of shear zones in the metal's microstructure. 50) 
Descaling Simulation and Surface Quality
Major effort has been made in recent years by researchers trying to find ways to maximize descaling effectiveness. The design of any efficient spray-based descaling system depends primarily on the magnitude of the descaling force necessary to remove the oxide scale. The oxide scale can be removed by a combination of shear force F s and vertical force F v created by the water rebounding off the strip underneath the edge of the scale fragment. There is also the force arising from the differential thermal contraction of scale and metal induced by the cold water, and the angular force F a tumbling the oxide scale off the metal surface (Fig. 19) . The forces to a large extent depend on the state of the oxide scale to be removed in the consecutive descaling operation. The oxide scale fragments that were partly spalled during hot rolling will inevitably be easier to remove, hence reducing the required descaling force.
51) The mechanism of development of the interface crack that leads to spallation of a scale fragment is illustrated in Fig. 20 . The cracking starts at the scale-metal interface at the exit from the roll gap when the scale is fragmented during the rolling pass. Both the longitudinal tension, extensively developed at the surface layer of the stock at the exit zone, and the roll pick-up contribute towards the separation.
11)
The scale fragments in the roll gap are of different length. As can be seen in Fig. 21 , where consecutive stages of the scale spallation are shown, the shorter scale fragment has been transferred to the roll surface while the longer one remains adhered to the surface of the stock. This favors the conclusion that shorter scale fragments can be more easily removed from the stock surface than longer ones, and that fragmentation of the secondary scale during a rolling pass should make a subsequent descaling operation more efficient. This is in agreement with earlier results on mechanical descaling, where it was shown that relatively thicker and shorter scale fragments can be more easily removed from the metal surface. 52) However, from the point of view of surface finish improvement for hot rolling, the throughthickness gaps formed within the oxide scale should be small enough to prevent extrusion of the hot metal and formation of bumps on the rolled metal surface (Fig. 22) .
This work suggests two means of surface quality improvement for the hot rolled product. The first is maintaining the oxide scale on the metal surface during the process as a continuous, uncracked layer. The second is complete removal of the scale from the surface of the stock during descaling operations. For the second, increasing the descaling effectiveness is becoming a priority issue. Although achievement of these two extreme cases is difficult in practice, the numerical analysis showed that maintaining the optimal temperature on the surface of the stock at entry into the roll gap is essential for both cases. It has been discussed above that if the scale reaches the roll gap at high temperature, which is specific for the underlying steel composition, or if the thickness of the scale is beneath the lower limit when the stress for through-thickness crack propagation exceeds the yield stress assumed for the oxide scale, then the oxide scale will be able to deform in a ductile manner and will not fail by through-thickness cracking. If the oxide scale comes to the roll gap in the low temperature range, i.e. when the scale-metal interface is strong enough to transmit the shear stress to the oxide scale at entry into the roll gap, the probability of scale failure during the rolling pass is high. In this case, additional fragmentation of the scale is beneficial from a descaling point of view. Figure 23 illustrates the effect of water jet impact on the oxidized stock surface ahead of roll contact. The effect of the water jet impinging on the hot steel surface with its continuous, uncracked oxide scale was only thermal and was modelled by applying transient boundary conditions for heat transfer on the basis of available experimental results. 53) About 3.4 ms after the application of the water cooling, the oxide scale exhibited through-thickness cracking as a result of stresses caused by the different thermal contraction of the scale and the underlying steel. Some cooling of the underlying steel surface layer is also visible at the places without oxide scale. However, assuming that in practice the scale layer entering the roll gap is initially continuous, the effect can be minimised. The crack width should not exceed some critical level before entering the roll gap to prevent metal extrusion into the gap under the roll pressure. 41) 
Future Issues
The behaviour of oxide scale on the surface of hot metal undergoing thermomechanical processing presents a rich variety of phenomena of great technological importance. This research has already found industrial application, 6, 54) yet there remains much to be done. In particular, integration of oxide scale control with microstructural development of the underlying metal. It has already been discussed that maintaining the optimum temperature of the surface of the stock at entry into the roll gap is essential for scale failure and subsequent descalability, which inevitably affect the surface quality of the product. Such temperature control should be integrated with the temperature control of the bulk metal, hence considering the surface and microstructural development together.
Another issue is the effect of the chemical composition of the underlying steel on oxide scale evolution, an effect is closely linked to oxide scale adhesion. Adhesion is one of the most important factors affecting oxide scale behaviour during hot metal forming operations. It influences the oxide scale failure mode and hence the surface quality of the final steel product. Prediction of adhesion gives the basis for better control of surface finish during hot metal forming operations. The main physico-chemical processes responsible for scale adhesion at high temperature are still under discussion 55, 56) . One of the issues is whether the adhesion theory for solid oxide/liquid metal systems can be extended to solid oxide/solid metal systems. Making relevant measurements for such systems at high temperatures is extremely difficult. The high temperature tensile test has been used to estimate scale adhesion for temperature conditions similar to those of hot rolling.
57) It was observed earlier for low carbon steels that the transition temperature from one mode of scale failure in tension to another one is highly sensitive to the chemical composition of the steel. 36, 37) Similar behaviour of the cracking-sliding transition in tension has been observed recently for the different modelled iron alloys (Fig. 24) . 57) Pure iron and also Fe-4at%Mo and Fe-4at%Ti alloys were used to study the influence of chemical composition on oxide scale adhesion. Decreasing the number of alloying elements to two facilitates the understanding the role of a particular additive. The type and amount of the alloying elements were chosen to be similar to previously studied solid oxide/liquid metal systems. The experimental results showed displacement of the transition temperature towards higher temperatures for the alloys in the sequence Fe→Fe/Mo→Fe/Ti. Since both Mo and Ti do not decrease the strength of the corresponding oxides, 58) simulation of such displacement has been obtained by implementing it into the oxide scale finite element model as a relative increase of the separation loads for the oxide/metal interface, which means an increase in relative adhesion between the © 2006 ISIJ oxide scale and the underlying metal. Similar to the relevant scale/liquid metal systems, the assumption has been made that the adhesion depends on the probability of chemical interaction at the interface, which is expressed through the Gibbs energy of possible reactions. The more negative is the value of the Gibbs energy, the higher is the adhesion. This model was initially proposed for aluminium oxide in contact with liquid metals. 59) Later it was expanded to a number of oxide/liquid metal systems 40) and then to nitride/liquid metal systems. 60) Assuming that the following reactions take place at the interface, 57, 61) the scale adhesion of the chosen oxide/metal systems in solid state can also be associated with a decrease in Gibbs energy of oxidation of the alloying elements: 2Fe s ϩO 2g ϭ2FeO, DG 298°ϭ Ϫ492 kJ/mol Mo s ϩO 2g ϭMoO 2 , DG 298°ϭ Ϫ502 kJ/mol ......... (2) Ti s ϩO 2g ϭTiO 2 , DG 298°ϭ Ϫ889 kJ/mol
The observed correlation (Fig. 25) supports the key role of chemical composition for the scale/metal adhesion and shows the sensitivity of the developed experimental technique to registering the relevant differences at high temperatures. It also indicates that the main assumption of the adhesion model developed for solid oxide/liquid metal system is applicable to solid scale/solid metal oxide systems.
Conclusions
The behaviour of oxide scale on the surface of hot metal undergoing thermomechanical processing presents a rich variety of phenomena of great technological importance. Despite considerable complexity, detailed quantitative insight has been obtained for representing a wide range of the observed phenomena in hot rolling and subsequent descaling by using a closely linked combination of experimental techniques and modelling. Such finite element analysis using a physically based oxide scale model is a crucial aspect of the approach and takes a central place in the review. The analysis is applied for interpretation of tests results, for detailed modelling of the micro-events during technological operations, and it gives a basis for engineering applications. This research has already found industrial application, yet there remains much to be done. In particular, the effect of the chemical composition of the underlying steel and integration of oxide scale control with microstructural development are of particular importance. Although the results presented above are for carbon steels, the method is also being applied to stainless steels and aluminium alloys.
© 2006 ISIJ Fig. 25 . Correlation between the transition temperature from 'cracking' to 'sliding' mode and Gibbs energy of reactions at the metal/scale interface.
